Abstract-This paper presents a wide-angle polarization independent triple-band absorber based on a metamaterial structure for microwave frequency applications. The designed absorber structure is the combination of two resonators (resonator-I and resonator-II). The proposed absorber is ultrathin in thickness (0.012λ o at lowest resonance frequency and 0.027λ o at highest resonance frequency). The proposed absorber structure offers three absorption bands with peak absorptivities of 99.95%, 95.32% and 99.47% at 4.48, 5.34 and 10.43 GHz, respectively. Additionally, it also offers the full width at half maximum (FWHM) bandwidth of 167.2 MHz (4.40-4.56 GHz), 178.1 MHz (5.25-5.43 GHz) and 393.8 MHz (10.24-10.63 GHz), respectively. The metamaterial property of the designed absorber structure has been discussed by using dispersion diagram plot. The designed absorber structure exhibits wide-angle absorption at various oblique incidence angle for both TM and TE polarizations. The absorption mechanism of the designed absorber structure has been analyzed through electric field and surface current distribution plots. The input impedance of the designed absorber (375.67 Ω at 4.48 GHz and 346.73 Ω at 10.43 GHz) nearly matches the free space impedance. The proposed absorber structure is fabricated and measured. Simulated and measured results are in good agreement with each other.
INTRODUCTION
Electromagnetic metamaterials (MTMs) [1] have gained significant advantages in the field of microwave engineering due to their unique properties of negative refractive index [2] and simultaneous negative values of permeability and permittivity [3] . In 1967, a Russian physicist Victor Vesselago theoretically illustrated the concepts of MTM [1] and discussed the formation of left-handed triad through the propagation of electromagnetic waves with the phase constant, electric and magnetic field vectors. After being inspired by Pendry et al.'s work [4, 5] , Shelby et al. [6] experimentally illustrated the first lefthanded MTM in 2001 at microwave frequency regime. In last few years, MTM has been used in various electromagnetic applications, such as antenna [7] , cloaking [8] , filter [9] and absorber [10, 11] . Nowadays, MTM based absorbers have been discussed due to their advantages of ultra-thin thickness, near unity absorption and many more, over conventional absorbers. MTM absorbers are usually composed of metaldielectric-metal layers. The top metallic layer contains periodic arrangement of resonators. In order to restrict the transmission of electromagnetic waves, the complete copper backing has been done with the bottom metallic layer. Many MTM absorber structures have been reported for single-band [12, 13] , dual-band [14] , broadband [15] and triple-band [16, 17] applications. Article [18] studies a single-band ultra-compact MTM absorber, which consists of a three-dimensional square frame designed on the top of a metal backed FR4 substrate. Article [13] discusses another single-band polarization insensitive metamaterial absorber, which is designed for X-band applications. In article [14] , a dual-band MTM absorber with two scales of Jerusalem resonators is presented. Article [15] demonstrates a multi-layered metal-dielectric pyramidal structure and shows ultra-broadband polarization independent absorptivity. In Article [16] , a novel triple-band polarization insensitive metamaterial absorber constructed with a periodic array of a new resonant structure is explained. A metallic planar spiral structure based triple band absorber is presented in [17] .
This work discusses a wide-angle polarization independent triple-band absorber based on a metamaterial structure. The combination of two resonators (resonator-I and resonator-II) are responsible for the appearance of three absorption peaks. The corresponding three absorption peaks are 99.95% at 4.48 GHz, 95.32% at 5.34 GHz and 99.47% at 10.43 GHz. The designed absorber structure is polarization independent and ultra-thin (0.012λ o at the lowest resonance frequency and 0.027λ o at the highest resonance frequency) in thickness. The absorptivity of the designed absorber structure is studied under various oblique incidence angles, where a high absorption of greater than 80% is observed for incident angle up to 60 • for both TM and TE polarizations. Further, MTM property of the designed absorber is confirmed by using a dispersion diagram plot. The absorption behavior of the designed absorber is explained by using electric field distribution, surface current distribution and input impedance plot.
DESIGN OF PROPOSED UNIT CELL
The arrangement of the designed absorber unit cell along with wave propagation direction and incident electric and magnetic field direction is shown in Fig. 1 
SIMULATION RESULTS
The proposed unit cell is simulated using ANSYS HFSS simulation software with master/slave periodic boundary conditions and Floquet port excitation. The absorptivity of the proposed structure can be calculated using Eq. (1),
where A(ω), |S 11 (ω)| 2 , and |S 21 (ω)| 2 denote absorbed power, reflected power and transmitted power, respectively. Due to full copper grounded on the bottom layer of the proposed structure, transmitted power can be reduced to zero, and hence Eq. (1) becomes,
Hence, by reducing reflected power near unity absorption is achieved. The absorption curve, shown in Fig. 2(a) , depicts comparison between absorptivitis of resonator-II and sub-resonator-II. It is observed that resonator-II is responsible for the occurrence of dual bands with peak absorption value of 72.64% at 5.35 GHz and 90.39% at 10.21 GHz while the sub-resonator-II generates single band with peak absorption value of 96.10% at 9.98 GHz. The absorption curves for resonator-I and resonator-II are separately shown in Fig. 2(b) . It describes that resonator-I is responsible for the origination of single band with peak absorption value of 97.20% (4.46 GHz), whereas remaining two absorption bands are due to resonator-II. The combination of these two resonators results in a triple-band absorber, as shown in Fig. 3 , respectively. In order to verify the metamaterial property for the designed absorber structure, dispersion diagram is plotted in Fig. 4 . Further, the dispersion diagram plot is divided into left-handed (LH) region (β < 0), where propagation constant is positive, and right-handed (RH) region (β > 0), where propagation constant is negative. It is observed that all the three absorption bands of the designed absorber structure lie in LH region, which confirms the metamaterial property. The designed structure is examined for various polarization angles (0 • to 90 • of steps size 15 • ). It is seen from Fig. 5 that due to four-fold symmetry, the peak absorptivity of the proposed absorber structure remains the same for different polarization angles, which confirms polarization independent characteristics. Further, the structure is analyzed for various oblique incidence angle (0 • to 90 • in steps of 15 • ) for both TE and TM polarizations as shown in Fig. 6(a) and Fig. 6(b) , respectively. In the case of TE polarization, electric field direction is kept stable while magnetic field and wave vector direction are shifted for oblique incidence. In the case of TM polarization, magnetic field direction is kept stable while electric field and wave vector direction are shifted for oblique incidence. It is seen that by increasing incident angles, the absorptivity starts decreasing; however, a high absorption (more than 80%) is achieved up to 60 • incidence angle for both TE and TM polarizations. This proves wideangle absorption behavior of the proposed structure. The variation in incidence angle corresponds to generation of some small absorption peaks on both sides of the highest absorption peak of 10.43 GHz.
Electric field distribution plot for the designed absorber structure is shown in Fig. 7 which suggests that lower absorption peak at 4.48 GHz is controlled by resonator-I while the two higher absorption peaks at 5.34 GHz and 10.43 GHz can be controlled by left and right portions of resonator-II and top and bottom portions of resonator-II respectively. Figure 8 shows surface current distribution plot on both layers of designed absorber unit cell at all the three absorption frequencies. It is seen that at 4.48 GHz, high concentration of surface current is mainly distributed in resonator-I. At 5.34 GHz, surface current mainly flows in the strip connecting left and right portions of resonator-II while at 10.43 GHz, surface current is distributed at top and bottom portions of resonator-II. It is observed that the directions of surface current on both the metallic layers (top and bottom) at all the three absorption frequencies are anti-parallel to each other, constituting a circulating current loop in the direction perpendicular to the incident magnetic field, resulting in magnetic excitation. On the other hand, electric excitation occurs due to incident electric field at the top layer of the proposed structure as discussed in Fig. 7 . Both electric and magnetic excitations take place at the resonant frequencies, resulting in high absorption of electromagnetic wave. Fig. 9 shows the input impedance plot for the designed absorber structure. It is observed that real and imaginary values of input impedance at 4.48 GHz and 10.43 GHz closely match free space impedance value of 377 + j0Ω, hence a high absorption is achieved. However, at 5.34 GHz real part of input impedance is far away from free space input impedance, hence a lower absorption peak is achieved. The real and imaginary parts of input impedance are obtained from Eq. (3) [18] ,
Here, Z(ω) and η 0 denote input impedance and free space impedance, respectively. Table 1 shows the values of real and imaginary parts of input impedance at all the three absorption frequencies. 
EXPERIMENTAL RESULTS
The designed absorber structure is fabricated on a 293×293×0.8 mm 3 planar sheet of an FR-4 substrate, shown in Fig. 10 . The measurement setup requires a fabricated structure and a separate pair of horn antennas connected to a network analyzer (Agilent N5221A PNA) each for X and C frequency band measurement, where one horn antenna is used for transmission of electromagnetic waves and the second horn used for reception purpose. Initially, reflection coefficient (S 11 in dB) for copper metal plate is measured. After that, reflection coefficient (S 11 in dB) for the fabricated structure is measured. The actual value of the reflection coefficient for the fabricated structure can be determined by normalizing the reflection coefficient of structure with the reflection coefficient of the copper metal plate. Finally, the absorptivity can be determined from the actual value of reflection coefficient. Fig. 11 shows the measured and simulated absorptivity curves for the proposed absorber structure. It is observed that both the results matches well with slight deviation in frequency, which may be due to fabrication and free space measurement imperfection. The characteristics of the designed absorber are compared with previously published articles and shown in Table 2 . The proposed absorber structure offers the least thickness among all the articles shown in table. In addition to above, the designed absorber offers more compactness than the previously published articles. 
CONCLUSION
The designed resonator for the proposed absorber structure is composed of two resonators (resonator-I and resonator-II). The combination of the two resonators is responsible for the occurrence of three absorption peaks with peak absorptive values of 99.95% at 4.48 GHz, 95.32% at 5.34 GHz and 99.47% at 10.43 GHz. The proposed structure is investigated under various oblique incidence angles, and a high absorption peak of greater than 80% is observed for incidence angle up to 60 • for both TE and TM polarizations. MTM property of the designed structure is explained by the dispersion diagram plot. Electric field distribution, surface current distribution and input impedance plot are used to explain the absorption behavior of the designed absorber structure. The proposed structure is ultra-thin in thickness (0.012λ o ) with respect to the lowest resonance frequency and (0.027λ o ) with respect to the highest resonance frequency.
